Abstract Pistachio (Pistacia vera L.) cultivars need to be grafted on suitable rootstocks for their propagation, but grafting success is uncertain, preventing producers to meet plant demand. Thus, there is a need for a better grafting method that in addition to increase success rate, allows us an early detection of success. Here, we have developed an alternative grafting technique that achieves these goals using young potted seedlings of terebinth rootstock and reduced size micropropagated scions from commercial cultivars. During micropropagation of pistachio cultivars we studied the effects of the application of antioxidants together with the growth regulators meta-topolin and paclobutrazol on in vitro cultures to overcome the issues identified in the different phases of micropropagation: culture initiation, multiplication and rooting. Grafting succeeded using scions derived from in vitro cultured micro-shoots both from acclimated and non-acclimated plants. With this protocol, up to 75.7 % successful grafts were obtained, and grafted plants resumed growth from day 3, being ready for transplant a few months later. Sustained on our results, we present a simple and reliable system to reduce production time by ex-vitro grafting of shoot-tips from in vitro cultures onto 4 weeks old terebinth (Pistacia terebinthus L.) rootstock seedlings grown in pots.
Introduction
Pistachio is an expanding crop in Spain where the cultivation area is increasing steadily. However, pistachio plant production does not match the demand, limiting production growth. Pistachio cultivars need to be grafted onto suitable rootstocks for an adequate development, but the lack of clonal rootstocks well adapted to the different environmental conditions is a drawback of this crop. Pistacia vera seedlings, in spite of being compatible and very vigorous, are not used as rootstocks in western countries due to sensitivity to soil-borne diseases. Other vigorous rootstocks, such as the hybrid UCB1 (Pistacia atlantica 9 P. integerrima) or P. atlantica are not adequate to the main production areas of Spain due to the lack of adaptation to cold winters and dry summers (Ferguson et al. 2005 ). There, a suitable rootstock is the terebinth tree (P. terebinthus), an autochtonous and less vigorous tree propagated by seeds, well adapted to cold winters, resistant to Armillaria, but sensitive to Verticillium (Ferguson et al. 2005) . Seedlings have to be grafted after 2 years of growth, in summer, once they reach a diameter close to 15 mm (Guerrero et al. 2007a ). This lack of vigor in the rootstock may be related to the uncertainty of grafting success that originates irregular orchards (Guerrero et al. 2002 (Guerrero et al. , 2007b . A common practice is to re-graft unsuccessful grafts 1 month later (Guerrero et al. 2007a) .
Thus, there is a need to develop a grafting technique that allows us both to improve the rates of success and to transplant to the orchard only successful grafts detected earlier. Instead of budding, in this work we propose an alternative pistachio propagation system based on the development of a bench grafting method using micropropagation techniques to obtain reduced size plants, so that the diameter of the scions matched that of the seedlings to perform a cleft grafting.
In vitro culture of pistachio has been initiated generally from germinated seeds of different varieties, since it is a difficult species to multiply in vitro, and only few reports are based on adult material from P. vera cultivars: 'Antep' (Onay 2000) ; 'Atli' (Tilkat and Onay 2009 ); 'Mateur' (Abousalim and Mantell 1992; Chatibi et al. 1997; DolcetSan Juan and Clavería 1995) ; and 'Siirt' (Onay et al. 2004) . Nevertheless, the protocols described in these reports failed when applied to the cultivars used here.
During the establishment of aseptic cultures of pistachio and other woody plants, tissue browning frequently results in the early death of explants (Abousalim and Mantell 1994; Barghchi and Alderson 1996; Bairu et al. 2009a, b; Onay et al. 2007; Tabiyeh et al. 2006) . In spite of the extent of this problem, no conclusive explanation has been reported, but the role of polyphenol oxidase activity in browning and its inhibition by antioxidants have been suggested (Leng et al. 2009; Pizzocaro et al. 1993) .
At multiplication phase, shoots of pistachio often show apex necrosis and lack of branching (Barghchi and Alderson 1996; Bairu et al. 2009b) , reducing the production of high quality long shoots, needed for rooting. Plant growth regulators play a role on shoot necrosis (Bairu et al. 2009b) , thus, here we test whether meta-topolin (mT), a cytokinin that improved the quality of P. vera shoots from cultures derived from seedlings (Benmahioul et al. 2012) , keeps shoot quality, reducing the extent of apex necrosis in cultures of mature P. vera shoots.
While at rooting stage, poor rooting rates together with lack of synchrony and the decay of rooted shoots hinder success (Benmahioul et al. 2012; Chatibi et al. 1997; Tilkat and Onay 2009 ). Rooting and acclimatization may be hampered by low shoot quality, so we tried to keep shoots healthy during the rooting phase, where shoots with no apical growth and necrosis, leaf yellowing and defoliation occurred.
To improve shoot quality and rooting different treatments have been used successfully in some species: the increase of transpiration of shoots by aeration (García et al. 2011b) ; the auxin protection against oxidation with vitamins C and E (Lis-Balchin 1989) or phloroglucinol (De Klerk et al. 2011) ; and the use of the anti-gibberellin paclobutrazol (Davis et al. 1985) .
Grafting applying tissue culture techniques have been performed previously in pistachio in different ways, but not for propagation purposes. Micrografting 'Mateur' cultivar scions (8-10 mm) onto in vitro germinated seedlings of P. vera gave successful grafts, but poor shoot development (Abousalim and Mantell 1992) . Better results were obtained by micrografting the cultivar 'Siirt' onto in vitro seedlings for rejuvenation purposes, but success was related to scion size (Onay et al. 2004 ). On the other hand, ex vitro grafting of shoots produced in vitro is an uncommon technique that has been used mainly to rescue transgenic rootless Citrus shoots (Yang et al. 2000; Weber et al. 2003) or avocado somatic embryos lacking the root system (Raharjo and Litz 2005). Our approach differs from those previously reported in the use of shoot cultures, initiated from field-grown commercial cultivars, as the source of suitable scions to be grafted ex vitro onto seedlings few weeks after germination to take advantage of their growing potential. This technique would have a practical application as an alternative method of pistachio plant propagation.
In this paper, we report the effect of different factors on the different phases of micropropagation to overcome the identified issues in the different phases of micropropagation of pistachio cultivars to develop a suitable protocol that allows us to get micropropagated plants of reduced size able to be grafted ex vitro onto seedling rootstocks few weeks after germination. We tested here (1) the effect of an antioxidant mixture to prevent explant browning at culture initiation; (2) the effect of mT, instead of BAP, to improve shoot quality during multiplication; and (3) the effect of different treatments affecting shoot health or auxin effect to improve root formation. Thereafter ex vitro grafting using either acclimated or non-acclimated shoot tips from in vitro cultures were performed onto terebinth seedlings. Thus, the final goal is to improve the grafting technique accelerating scion sprouting for fast, reliable and inexpensive plant production.
Materials and methods

Plant materials
Actively growing shoots from forced sprouts or from fieldgrown trees of different cultivars ('Kerman', 'Larnaka', 'Peters', and 'C-Especial') were kindly provided by Dr J.F. Couceiro from C.A. El Chaparrillo, Ciudad Real (Spain) in spring 2011, and shoots of the selection AD15 were taken from the ''Campus de Aula Dei'' at Zaragoza (Spain). All shoots were taken from trees growing in the field for at least 10 years. Explants were immediately submerged into an antioxidant solution (1 mM ascorbic acid ? 1 mM citric acid) for 15 min. Browning caused the early death of explants of all cultivars except those of AD15, thus culture initiation was repeated maintaining the explants in the antioxidant solution for longer periods (7 h for 'Peters', 'Kerman', and 'Larnaka', or 24 h for 'C-Especial').
Seedlings of terebinth (P. terebinthus L.) were obtained from wild mature seeds. Seeds were peeled, washed in distilled water, dried, and cold stored at 4-5°C for at least 5 months (García et al. 2011a) . Seeds were then sowed in forest cells containing Pindstrup substrate, a proprietary mixture of peat:perlite (Pindstrup Mosebrug S.A.E. professional substrate) and maintained in a greenhouse.
Culture media and culture conditions
After the antioxidant treatment, sections of 2-4 nodes without leaves were washed for 1 h under running tap water before 15 min surface disinfestation with a bleach-detergent solution (5 g active Cl l -1 ) or 0.05 % (w/v) HgCl 2 . Nodes (n = 48 per disinfection treatment, or 33 in AD15) were rinsed three times with sterile deionized water and kept in antioxidant solution until they were cultured in vitro (García et al. 2011b ) in modified DKW medium (Driver and Kuniyuki 1984) with 56.8 lM ascorbic acid, 5 lM BAP, 0.5 lM IBA and 3 % (w/v) sucrose. pH was adjusted at 5.7 with 1 N KOH before adding 0.7 % (w/v) Difco-Bacto agar. Medium (10 ml) was dispensed into 105 mm 9 25 mm glass test tubes, covered with white polypropylene caps and autoclaved for 20 min at 121°C (0.1 MPa). Cultures, one node per tube, were maintained at 24 ± 1°C under coolwhite fluorescent tubes (35 lmol s -1 m -2 PAR), with a 16-h photoperiod. Frequent transfers to fresh medium were made to relieve the harmful effect of browning. Bud break percentages were recorded. New shoots were transferred to the same medium (30 ml) in Sigma baby food jars (V8630) and then subcultured every 3 weeks onto the same medium. A modified Long and Preece medium LP (Long et al. 1995) that combines mineral salts formulations from WPM (Lloyd and McCown 1981) and DKW media was used to improve the micropropagation of 'Kerman', providing better quality shoots than DKW (Marín et al. 2015) .
Cytokinins effect on shoot quality during multiplication
Explants (shoot tips about 10 mm long) were subcultured to multiplication medium at 3-week intervals. During multiplication, the effect of meta-topolin (mT, 6-(3-hydroxybenzylamino) purine), instead of BAP, on shoot quality and the appearance of shoot tip necrosis (STN) was tested at the same concentration (5 lM), but supplemented with a lower concentration of kinetin (2 lM) to compensate the lower number of shoots produced by mT compared to BAP . Pistachio shoot tips (1 cm length) developed new shoots at the swelled base of the shoots after several weeks of culture. Percentages of shoots affected by STN, length of shoots, and number of new shoots after 6 weeks of culture were recorded (n = 196 per treatment for AD15; n = 35 for 'Larnaka', 'Kerman' and 'Peters').
Factors affecting rooting
Healthy shoots (at least 20 mm long) were excised and transferred to rooting medium removing the lower leaves. Rooting standard medium was the same but with macronutrients reduced to half concentration, without ascorbic acid and cytokinins, and with IBA at 5 lM. Sigma Phytacon TM Vessels (P5557) were used with 100 ml medium. The effects of different factors on rooting were studied to improve the lack of rooting with the standard medium using ten shoots per jar and per treatment. The whole experiment was repeated three times (n = 30) and rooting percentages were calculated.
1. Effect of aeration and kinetin on shoot quality.
Increased aeration to favor leaf transpiration was carried out by using vented lids. A low concentration of kinetin (2 lM) was added to the rooting medium to improve shoot quality. 2. Effect of antioxidants and phloroglucinol on rooting.
The effect of antioxidants and phloroglucinol on rooting was tested by adding these compounds to the rooting medium. Vitamin C (ascorbic acid) at 56.8 lM, vitamin E (a-tocopherol) at 2.3 lM and phloroglucinol at 0.79 lM were tested separately. These compounds were added to the rooting medium before autoclave. 3. Effect of paclobutrazol.
Paclobutrazol, an inhibitor of GA, was tested by adding 3.4 lM to the rooting medium. Due to the observed beneficial effect of paclobutrazol, it was further compared to 6.8 lM (n = 30).
Acclimatization
Healthy AD15 rooted shoots were washed and transplanted to jiffy strips filled with Pindstrup substrate, and kept at high RH for acclimatization in a plastic tunnel in the greenhouse, increasing the exposures to low RH daily until the plants became hardened (Marín 2003) . Plants were exposed outside the tunnel at greenhouse RH (50-60 %) for increasing periods of time (from 10 to 90 min) lasting acclimatization approximately one to one and a halve months. This method was compared with acclimatization in a growth chamber with a precise control of the environmental conditions (24°C, 400 lmol m -2 s -1 PAR from cool white fluorescent lamps, and 70 % RH).
Grafting acclimatized shoots
Acclimatized micropropagated AD15 (P. vera) plants matched the size of 4-week old terebinth rootstock seedlings. Scions (n = 46) containing a lateral bud from the acclimatized plants were cut in v-shape and fitted onto vertical slits made on top of decapitated seedlings (cleft grafting). Mechanical fixation of the grafting area was achieved with a thin silicon tube (2 mm inner diameter). Shoot apices of terebinth seedlings (n = 12) were grafted in the same way (homografts) as controls. Graft evaluations were made at 1 and 3 weeks after grafting when buds resumed growth, and survival rates were calculated.
Grafting ex vitro (in vitro shoot tips)
Due to the lack of rooting capability of some cultivars, we tested an alternative grafting technique using as scions shoot tips grown in vitro. Rootstock seedlings were prepared in a similar way. Shoot-tip scions from in vitro cultures of the female cultivars 'Larnaka' and 'Kerman' and the male cultivar 'Peters' (n ranged from 33 to 37 grafts per cultivar) were cut in v-shape and fitted onto vertical slits of decapitated rootstocks 4 weeks after germination. Mechanical fixation of the graft was made as above. Grafted plants should then be acclimatized as described above. Survival percentages were recorded. In vitro grown shoot-tips of terebinth were too thin to be grafted onto terebinth seedlings preventing the realization of control grafts.
Data analysis
A Student t test was used to analyze shoot length data, whereas count data were analyzed by regression using generalized linear models (GLM) for Poisson fitted data (shoot number) or for binomial data (rooting). In addition, the prop. test for proportion data was used for shoot quality and for successful grafts data. R statistical package (R Core Team 2013) was used.
Results
Effect of antioxidant treatments on the establishment of in vitro culture of pistachio cultivars
Initial trials with forced sprouts of the different cultivars that were treated for short periods in an antioxidant solution (a mixture of ascorbic acid and citric acid, both at 1 mM) before surface disinfestation, did not succeed and the explants browned and died few days after inoculation.
However, cultures initiated with explants taken from fieldgrown trees and treated for 7 h in the same antioxidant solution allowed starting cultures from the cultivars 'Kerman', 'Larnaka', and 'Peters', but not from 'C-Especial'. Both disinfectants used, a diluted bleach and an HgCl 2 solution, were equally effective and contamination was low (from 5 to 40 %, depending on both disinfectant and cultivar), not showing important differences in the percentages of dead explants that were close to 50 %, but given the toxicity of HgCl 2 bleach was adopted for subsequent experiments. Although many of the explants died, some developed new shoots, ranging from 6-10 % in'Peters' to 44-27 % in 'Larnaka', depending on the disinfectant (diluted bleach or HgCl 2 ), and the cultures, later, developed adequately. 'C-Especial' also developed new shoots, but they were not healthy and eventually died. The initiation of 'C-Especial' was repeated the next spring increasing the length of the antioxidant treatment from 7 to 24 h with better results, raising the percentage of explants developing new shoots up to 42 % (Supplementary file 1) and improving shoot quality, however, cultures did not provide enough shoots for rooting experiments. On the other hand, the explants of selection AD15 taken from a field grown tree gave a better response, and one-third of them developed new shoots, not needing extended antioxidant treatments.
Effect of cytokinins on shoot health
During multiplication many shoots stopped growing and/or the apex turned brown. This fact was more frequent in longer shoots, but it also affected short ones, impeding their adequate multiplication. While all cultivars were affected, AD15 shoots showed a better growth in vitro, supplying enough shoots for subsequent studies. Replacing BAP by a combination of mT at 5 lM and kinetin at 2 lM improved shoot quality and length (p \ 0.001), increasing the amount of healthy shoots (p \ 0.001) (Fig. 1a, b) . However, no significant differences were found on multiplication rates (Fig. 1c) . Similarly, 'Larnaka', 'Kerman' and 'Peters' improved shoot quality with mT, giving multiplication rates of 2.8 (±0.21), 2.3 (±0.18) and 1.7 (±0.13) respectively and this rate was maintained during subcultures. No loss of shoot quality was observed with time, keeping STN low (about 20 %).
Effect of different factors on rooting
While no rooted shoots of the selection AD15 were obtained with the standard medium (control), the different factors tested yielded variable rooting percentages ranging from 3.3 to 83.3 % (Fig. 2) . Thus, the use of vented jars or the addition of kinetin gave very poor rooting results not statistically significant, and with no beneficial effect on shoot quality. Conversely, both phloroglucinol and Vitamin E improved rooting of shoots moderately and these effects were statistically significant (p \ 0.001; Table 1 ). However, shoot quality was poor and rooted shoots were not suitable for acclimatization. On the other hand, paclobutrazol significantly improved rooting up to 83.3 % (p \ 0.001; Table 1 ). Roots appeared with synchrony and shoots were healthier and could be transplanted to soil.
The beneficial effect of paclobutrazol was further improved increasing its concentration and the effect was highly significant (p \ 0.001; Supplementary file 2) following a regression analysis (Fig. 3) . Rooting raised up to 96.7 %.
Regarding the effect on pistachio cultivars, the different treatments are shown in Table 2 . Sample sizes varied according to healthy shoots availability. Rooting was very poor, except in cultivar 'Peters', where rooting percentages ranged from 6.8 to 10.3 % depending on the paclobutrazol concentration (Table 2) . However, no significant differences were found between them.
Healthy rooted shoots of selection AD15 were transplanted to soil and acclimatized in the greenhouse under a plastic tunnel. Pistachio leaves did not show wilting symptoms, so high survival percentages were only obtained following a defined schedule of daily increased exposures to low RH. When acclimatization was performed in plastic enclosures inside a culture chamber with precise environmental controls, survival rose from the initial 10 % to 80 %. Acclimatized plants were then subcultured to pots and stem sections with one lateral bud were used as scions.
Grafting
Scions from acclimatized AD15 plants grafted onto 4 week-old potted terebinth seedlings, soon developed new shoots in 61 % of the grafts (Figs. 4, 5a) . This rate was similar to that of the homografts used as controls (66.7 %). Acclimatized plants supplied new scions, since lateral buds sprouted up. The lack of rooting capability and the poor quality of rooted shoots of the different pistachio cultivars prompted us to test cleft grafting using non-acclimatized shoot tips grown in vitro as scions. One day after grafting, during acclimatization, symptoms of failure can be identified as dryness of the scion together to higher susceptibility to fungal infections. Three days after grafting successful grafts remained green and turgid and new leaves start to grow. One week later scions grew normally and later the mechanical fixations were removed after 1 month. Successful graft percentages, following this method, were comparable to those of the acclimatized AD15 plants for 'Larnaka' and 'Kerman' with no significant differences (Figs. 4, 5b-d) . However, 'Peters' showed significantly lower successful grafts (p \ 0.001). Plants grafted in this way had to suffer an acclimatization process since scions have to harden to adapt to the outside. However, acclimatization was faster an easier than with micropropagated rooted plants, lasting 1 or 2 weeks, during which grafted shoot tips resumed growth from day 3.
Discussion
This paper describes a technique that improves pistachio grafting with a high rate of success. We propose grafting reduced size scions of some of the main commercial cultivars obtained by in vitro culture onto potted rootstock seedlings, few weeks after germination. In this way, plants resume growth few days after grafting and can be transplanted to the field 3 months later. Moreover, this method allows us to use directly shoot tips growing in vitro as scions, thus avoiding the rooting and acclimatization stages which have proved difficult with the cultivars used here. This type of grafting adds flexibility to the propagation method of pistachio avoiding main grafting problems such as grafting delay, grafting uncertainty or frequent regrafting.
Micropropagation of mature cultivars has been achieved for 'Kerman', 'Larnaka', 'Peters', and AD15 selection, but a number of problems during the process have been overcome. We confirmed our initial hypotheses about (1) the beneficial effect of prolonged treatments with antioxidants on culture initiation; (2) the improvement of shoot quality and the reduction of STN by the substitution of BAP for mT ? kinetin during multiplication stage; and (3) the favorable effect of paclobutrazol, an inhibitor of GA synthesis, on rooting. Other tested factors had only moderate or no beneficial effect on rooting, as the enhancement of leaf transpiration by aeration, the addition of the antioxidants vitamins C and E or phloroglucinol. The application of these factors allowed us getting valuable scions directly from in vitro cultures.
Pistachio, as other woody plants, tends to turn brown, mainly during the establishment of the culture, staining brown also the medium. This causes the early death of the explants, and different solutions have been tested with uneven results (Chatibi et al. 1997; Dolcet-San Juan and Clavería 1995; Leng et al. 2009 ). Browning has been correlated directly with PPO activity in bamboo; however, no relation with the endogenous phenolic content was found (Huang et al. 2002) . On the contrary, tissues of P. vera in vitro showed a positive correlation between phenolic content and browning, but no changes in the activity of PPO was found (Leng et al. 2009 ). Browning has been described as the result of the activity of catechol oxidase (a PPO enzyme) that produces highly reactive quinones from phenolic compounds (Mayer and Harel 1979; Walker and Ferrar 1998) and the oxidation of phenols can be inhibited by the presence of antioxidants as ascorbic acid (Mayer and Harel 1979) . In 'Golden Delicious' apple cubes, when the cubes were dipped for 5 min in solutions of ascorbic acid and citric acid, a 90-100 % PPO inhibition was found, being maximum at 10 g l -1 ascorbic acid ? 2 g l -1 citric acid (Pizzocaro et al. 1993) . We have successfully used a mixture of ascorbic acid and citric acid both at 1 mM that controlled explants browning and permitted the establishment of all the cultivars tested simply by varying the time of antioxidant treatment. The lower concentrations used here might be compensated by longer treatment periods depending on the cultivar. While the selection AD15 grew well after just 15 min of treatment, the rest of the cultivars did not. 'Kerman', 'Larnaka' and 'Peters' were treated for 7 h, and the treatment had to be extended to 24 h for 'C- Especial'. In addition, this antioxidant treatment had to be complemented with frequent transfers of the explants to fresh medium with a lower concentration of ascorbic acid (55.6 lM) to avoid the toxicity of the exudates.
STN is an unwanted and common feature as shoots grow at multiplication stage of numerous species including Pistacia. In P. vera shoots cultured in vitro in MS medium (Murashige and Skoog 1962) STN was reduced notably when the culture medium was supplemented with Ca or B (Barghchi and Alderson 1996) . We observed a similar effect (García et al. 2011b ) when P. vera shoots were cultured in Ca-enriched mineral formulations as DKW medium, instead of MS or WPM (Lloyd and McCown 1981) media. However, further supplements of Ca in the form of Ca-gluconate did not show an additional reduction of STN. On the other hand, good results in improving shoot quality have been achieved here by the use of the mT and kinetin citokinins instead of BAP. Similarly, a positive effect on shoot quality replacing BAP by mT has been found in Harpagophytum procumbens (Bairu et al. 2009a ) and P. vera (Benmahioul et al. 2012) . The role of plant growth regulators (PGR) on STN has been reviewed by Bairu et al. (2009b) ; both auxins and cytokinins play a role in STN, affecting negatively with concentration, although their use is necessary for plant growth. The use of topolins, especially mT and its derivatives, has expanded in recent years applied to a growing list of species at different concentrations (Aremu et al. 2012) . Here, in mature P. vera shoots, the substitution of BAP with mT at the same concentration (5 lM), supplemented with Kin (2 lM) to offset the lower number of shoots produced by mT compared to BAP , increased significantly shoot quality, with longer shoots, less affected by STN, and without a reduction in shoot multiplication. A different approach has been reported by Akdemir et al. (2014) with a remarkable success in reducing STN of juvenile and adult pistachio plants using temporary immersion systems that should be taken into account with our cultivars.
During rooting phase P. vera displayed different problems as lack of rooting, delayed root formation and lack of synchrony or shoot decay and STN (Benmahioul et al. 2012; Chatibi et al. 1997; Tilkat and Onay 2009 ). Here, we have faced these problems (1) trying to keep shoot health during rooting increasing aeration; (2) adding auxin protective compounds; and (3) adding paclobutrazol to inhibit GA biosynthesis and reducing its negative effect on root formation. Applications in this work of antioxidants as auxin protective compounds and, even further, the inhibition of GA biosynthesis, by paclobutrazol application, dramatically increased Pistacia rooting rates from 10.3 % to 96.7 % and these roots appeared with synchrony while shoots were healthier and easier to acclimatize.
Trying to keep shoot health during rooting, aeration was increased inside the jars. As we have described previously aeration produced with vented jars, and other factors that improved transpiration, as bottom cooling or a reduced number of shoots per jar, reduced STN during multiplication of shoots of P. vera (García et al. 2011b) . However, no effect, either on shoot quality or rooting rates, was observed here during rooting phase.
The protection of natural auxins against the enzyme IAA-oxydase may enhance rooting, since auxins can act at higher concentrations and stimulate root formation. Both antioxidants µ-tocopherol and phloroglucinol were added to rooting medium showing an effect on rooting. Phloroglucinol, together with natural auxins as IAA or IBA, but not with the synthetic auxin NAA, had a protective effect against decarboxylation by IAA-oxydase, as described by De Klerk et al. (2011) with thin apple stem discs. Phloroglucinol had, in this work, a moderate effect on rooting of AD15 shoots (33 % rooted shoots) when included at 0.79 mM in a rooting medium with IBA (5 lM), however, roots appeared with delay and shoot-tips became necrotic. Besides, the lipophilic antioxidant µ-tocopherol (vitamin E) increased rooting (46.7 % rooted AD15 shoots), but roots appeared also with delay and shoot-tips became necrotic.
Best results in rooting were obtained here with the addition of paclobutrazol (3.4 lM) to the rooting medium. Up to 83.3 or 13.3 % rooted shoots were obtained respectively with mature AD15 shoots or 'Peters'. However, lower rooting rates were achieved with 'Larnaka' and 'Kerman'. This positive effect was even increased when paclobutrazol was added at a higher concentration (6.8 lM); moreover, roots appeared with synchrony and shoots remained healthy in most of AD15 shoots. Some unexpected rooting percentages were found like in control shoots without paclobutrazol (30 %) that can be explained in terms of a change in the rooting capability occurred during culture, since the experiment was delayed in time from the previous experiment where control shoots did not root. The effect of paclobutrazol on rooting, first reported in Plectranthus australis cuttings and Phaseolus vulgaris hypocotils (Davis et al. 1985) , was soon tested on fruit trees with unequal results (Marino 1988) . It improved rooting of the pear cultivar 'Abbé Fetel' and a hybrid Prunus rootstock selection (S749 9 S1490), but not of the sour cherry rootstock CAB 11E (Prunus cerasus L.). Paclobutrazol, a triazole, inhibits the synthesis of GA by blocking the Cytochrome P450, involved in biosynthetic reactions leading to different compounds as plant growth regulators (GA, ABA and cytokinins) (Grossmann 1990 ). The application of paclobutrazol to culture medium exhibit a varied range of effects, as the enhancement of cytokinin-induced effect on shoot proliferation in Spatiphyllum floribundum , the strong reduction of nodal sprouting in apricot and neem (Padilla et al. 2015) , or the induced reduction of internode length of pea (Ribalta et al. 2014) . The GA inhibitor effect of paclobutrazol seems to be responsible of the rooting promoting effect found here, since GA reduced the induction of root primordia (Haissig 1972) . Here, we show for the first time a positive effect of paclobutrazol on Pistacia cultures, clearly improving AD15 rooting. While 'Peters' also showed a beneficial effect of paclobutrazol on rooting, more work is needed to determine its effect on 'Kerman' and 'Larnaka', since lack of material conditioned sample size. However, a genotype dependent effect is also possible.
Micropropagation has been satisfactorily used in this work to obtain reduced size scions in order to allow earlier grafting of terebinth rootstocks. On the one side, acclimatized AD15 plants, grown in pots in the greenhouse, supplied suitable scions, consisting in nodes with a lateral bud, for grafting 4-week old terebinth seedlings. Grafting success reached 61 % improving most conventional results that ranged, in our main production area, from 33 % to 68 % depending on the diameter of the rootstock (10-15 mm; Guerrero et al. 2007a) , and anticipating grafting 2 years (Atli et al. 2001 ). In addition, once trimmed, acclimatized plants can supply new scions, since new shoots develop from lateral buds, which assure scion availability.
These satisfactory results were later improved with the use of non-acclimatized in vitro grown shoot tips as scions. Grafting success rates of 'Kerman' and 'Larnaka' shoot-tips were not significantly different than that of acclimatized AD15 scions, proving rooting unnecessary, what eliminates one of the more difficult steps of tissue culture. The use of in vitro shoot tips directly makes the grafting technique simpler. Here, ex vitro grafting of in vitro shoots has been successfully applied in Pistacia propagation for the first time, since only micrografting had been attempted with 'Mateur' or 'Siirt' cultivars (Abousalim and Mantell 1992; Onay et al. 2004 Onay et al. , 2007 with uneven results. On the contrary, in vivo grown scions grafted onto in vitro seedlings failed. This was explained either for notable differences in size between rootstock and scion, preventing graft union or for incompatibility between scions and rootstock (Can et al. 2006) . Ex vitro grafting has been successfully applied with juvenile material in several species, mainly as a technique to rescue transgenic rootless shoots in Citrus (Yang et al. 2000) or Helianthus (Weber et al. 2003) . Likewise, the technique allowed the rescue of somatic embryos lacking root system in avocado (Raharjo and Litz 2005) .
Despite the encouraging results with 'Kerman' or 'Larnaka' cultivars, grafting success rates within the cultivar 'Peters' were significantly lower. These results might indicate the need of adjustments in the tissue culture technique of this cultivar, but can also indicate other kind of problems more closely related to the graft compatibility mechanisms in place. The rate of grafting success with homografts of terebinth seedlings, used here as control, was similar to that reached with cultivars 'Kerman' or 'Larnaka' or the AD15 selection showing no incompatibility problems for these cultivars. Moreover, this technique provides the advantage that we can take the plants that show good growth at a very early step, since scions resumed growth few days after grafting. Propagation of pistachio based on grafting should be improved to match results obtained with other fruit trees and to improve and accelerate plant production; however, no studies on rootstock/scion compatibility have been reported yet in pistachio. In this context, the technique described here can help supplying a good and novel experimental model for such assessments. This technique can be an alternative to conventional propagation provided there is a satisfactory performance of grafted plants in the field. In addition, this technique can be extended to other rootstocks, either propagated by seeds or by micropropagation. To our knowledge, this is the first time that ex vitro grafting of shoot-tips, grown in vitro from mature plants, have been used for propagation purposes.
